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The fully-heavy tetraquark states QQQ¯Q¯ (Q = c, b) are systematically investigated by means of a
nonrelativistic potential model. The model is based on the lattice QCD study of the two-body QQ¯
interaction, which exhibits a spin-independent Cornell potential along with a spin-spin interaction.
The four-body problem is implemented with a highly accurate computation approach, the Gaussian
expansion method. Both meson-meson and diquark-antidiquark configurations along with their
couplings are considered for spin-parity quantum numbers JP = 0+, 1+, and 2+ in the iso-scalar
sector I = 0. For the all-charm case, resonances with JP = 0+ and 1+ are located in the mass
region 6.4 GeV− 6.6 GeV. For JP = 2+, we find a resonance with mass around 7.0 GeV, which
agrees well with the structure recently seen by the LHCb collaboration. For the all-bottom case, we
find possible bound states with masses around 18.0 GeV and resonances with masses around 19.1
GeV. All these fully-heavy tetraquarks exhibit compact configurations, i.e., the distance between
any two heavy quarks/antiquarks are around 0.3 fm for the all-charm case and around 0.2 fm for
the all-bottom case.
I. INTRODUCTION
With the development in high energy physics, large
numbers of efforts contribute to the understanding of ex-
otic multi-quark states composed of heavy flavors. In
recent years, the LHCb collaboration announced five ex-
cited Ωc baryons in the Ξ
+
c K
− mass spectrum [1] and
four narrow excited Ωb baryons in the Ξ
0
bK
− mass spec-
trum [2]. In 2019, they also discovered two excited bot-
tom baryons, Λ0b(6146) and Λ
0
b(6152) [3]. Later on, one
more excited Λ0b baryon around 6070 MeV in the Λ
0
bpi
+pi−
invariant mass spectrum was announced [4], consistent
with the report by the CMS collaboration [5]. Addi-
tionally, three excited Ξ0c states were announced by the
LHCb collaboration in the Λ+c K
− mass spectrum [6].
All of these newly discovered exotic baryons are un-
doubtedly excellent supplements for the scarce data of
heavy flavor baryons in PDG. Furthermore, these exper-
imental findings also have triggered enormous theoreti-
cal investigations. Three-quark excited states of Ωc are
suggested by QCD sum rules [7] and different potential
models [8–10]. The P-wave Ωb states are preferred by
potential model [11], heavy quark effective theory [12],
QCD sum rules [13], and decay properties [14]. Mean-
while, the baryon-meson molecule picture is suggested
for the excited Ωb baryons in Ref. [15]. With a QCD
sum rules approach, Λ0b(6072), Λ
0
b(6146), and Λ
0
b(6152)
can be identified as the radial and angular excited bot-
tom baryons [16–18]. Furthermore, 3-quark configura-
tions of excited Ξ0c baryons are identified in the chiral
quark model [19], 3P0 model [20] and QCD sum rules [21].
However, the D¯Λ − D¯Σ molecular states are also sug-
gested by Ref. [22].
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Apart from the heavy flavor baryons, exotic states
i.e., tetraquark and pentaquark states are also signifi-
cant sectors in the contemporary hadronic physics. In
2015 and 2019, hidden-charm pentaquarks P+c (4380),
P+c (4312), P
+
c (4440) and P
+
c (4457) were reported by the
LHCb collaboration in the Λ0b decay, Λ
0
b → J/ψK−p [23,
24]. Moreover, large numbers of unconventional mesons,
namely the so-called XYZ states, have been observed
experimentally during the past decades, e.g., X(3872)
discovered by the Belle Collaboration in 2003 [25],
in 2005 Y (4260) was discovered by the BaBar Col-
laboration [26] and BESIII Collaboration discovered
Z+c (3900) in 2013 [27], etc. Additionally, an extremely
non-relativistic 4-body systems QQQ¯Q¯ are quite charm-
ing. The CMS collaboration has made the benchmark
measurement of the Υ(1S) pair production at the LHC
pp collision at
√
s=8 TeV [28], a subsequent preliminary
investigation using CMS data shows an excess at 18.4
GeV in the Υ`+`− decay channels [29–31]. This excess,
if confirmed in the future data, could be a bbb¯b¯ tetraquark
state. Besides, a significant peak at ∼18.2 GeV was ob-
served in Cu+Au collisions at RHIC [32]. However, no
evidence has been provided from the LHCb collaboration
by searching for the Υ(1S)µ+µ− invariant mass spec-
trum [33]. Nevertheless, a new possible ccc¯c¯ structure at
6.9 GeV was seen by the same collaboration [34]. Based
on these facts, more investigations on the fully-heavy
tetraquark states could be considered in future LHC ex-
periment e.g., ATLAS, CMS and LHCb.
The interpretations on these exotic states are carried
out by various theoretical approaches. In particular,
the three newly announced hidden-charm pentaquarks,
P+c (4312), P
+
c (4440) and P
+
c (4457) are favored as the
molecular states of ΣcD¯
∗ in effective field theory [35, 36],
QCD sum rules [37], potential model [38–43], heavy
quark spin multiplet strctures [44, 45] and heavy hadron
chiral perturbation theory [46] etc. Meanwhile, their de-
cay properties [47] and photo-production process [48, 49]
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2are discussed. As for the other types of pentaquarks,
bound state for Q¯qqqq system is unavailable in the study
with a constituent model [50]. Several narrow double-
heavy pentaquark states are obtained in the systemati-
cal investigations by potential models [51–53]. In one-
boson-exchange model, possible triple-charm molecular
pentaquarks ΞccD
(∗) are suggested [54].
Furthermore, extensive theoretical investigations de-
vote to the tetraquark sector. Firstly, in double-heavy
tetraquark states e.g., Ref. [55] claims the existence of
an extremely narrow bbu¯d¯ tetraquark state with the
JP = 1+ and the predicted mass of this tetraquark state
is 10389 ± 12 MeV [56]. Meanwhile, decay properties of
bbu¯d¯ tetraquarks are studied in Ref. [57]. The diquark-
antidiquark configuration of narrow (bb)(u¯d¯) state with
the IJP = 01+ is also predicted in Ref. [58, 59]. Besides,
with a Monte Carlo simulation, the production of double-
heavy tetraquarks at the LHC and a Tera-Z factory are
estimated [60, 61].
Secondly, in fully-heavy tetraquarks sector, debates on
these extremely non-relativistic systems, QQQ¯Q¯ (Q =
c, b) are quite intensely: the existence of bbb¯b¯ bound
state is supported by various model calculations [62–
65], QCD sum rules [66, 67], and diffusion Monte Carlo
method [68]. The decay property of is also studied in
Ref. [69] with a conclusion that fully-bottom tetraquark
in 2+ state maybe possible. As for the ccc¯c¯ sector which
mass locates in 5 − 6 GeV is suggested through vari-
ous phenomenological models [62, 70–73] and the Bethe-
Salpeter approach [74]. Meanwhile, searching for fully-
heavy tetraquark states are valuable theoretically from
the point of Ref. [75]. However, there are still intense
disapproval on the existence of these QQQ¯Q¯ tetraquarks.
Bound states of ccc¯c¯ and bbb¯b¯ tetraquarks are impossi-
ble neither in model investigations [79–84] nor in lattice
QCD [85], Nevertheless, the excited state of fully-heavy
resonance is another new aspect. Very recently, fully-
heavy tetraquarks are investigated by means of potential
quark models [76, 77] and QCD sum rules [78], the reso-
nances in fully-charm sector are possible from 6.2 to 6.8
GeV and around 6.9 GeV which is related to the new
structure seen by the LHCb collaboration. Additionally,
narrow bbb¯c¯ and bcb¯c¯ tetraquark states are also possible
with the studies in Refs. [79, 80].
We study herein, with a complex scaling range of po-
tential model formalism which is based on the results of
Lattice QCD investigations on the interaction of heavy
quark pair, the possibility of having tetraquark bound-
and resonance-states in the fully-heavy sector with quan-
tum numbers JP = 0+, 1+ and 2+, and in the 0 isospin
sectors. The meson-meson and diquark-antidiquark con-
figurations along with their couplings are all considered
for each IJP states. The internal structures and com-
ponents of possible bound and resonance states in the
fully coupled-channels calculation are analyzed through
calculating the distances among any pair of quarks and
the contributions of each channel’s wave functions.
The 4-body bound state problem is implemented by
two strong foundations, the Gaussian expansion method
(GEM) [87] which has been demonstrated to be as
accurate as a Faddeev calculation (see, for instance,
Figs. 15 and 16 of Ref. [87]), and a reliable potential
for heavy quark sectors (Q = c, b) according to the Lat-
tice study [88]. Meanwhile, a powerful technique, com-
plex scaling method (CSM) is also employed as our pre-
vious studies on the double-heavy tetraquarks [59] and
the double-charm pentaquarks [53]. In this formalism,
the bound, resonance and scattering states can all be de-
scribed simultaneously.
The structure of this paper is organized in the following
way. In Sec. II theoretical framework which includes the
potential model and QQQ¯Q¯ tetraquark wave-functions
is briefly presented and discussed. Section III is devoted
to the analysis and discussion on the obtained results
of QQQ¯Q¯ in each quantum states. The summary are
presented in Sec. IV.
II. THEORETICAL FRAMEWORK
In the extremely non-relativistic systems QQQ¯Q¯ (Q =
c, b), the interaction between a heavy quark and a heavy
antiquark can be well approximated by the Cornell po-
tential along with a spin-spin interaction according to
the Lattice QCD investigation [88]. Generally, this con-
cise fact can be incorporated into the following form of
four-body Hamiltonian,
H =
4∑
i=1
(
mi +
~p 2i
2mi
)
− TCM +
4∑
j>i=1
V (~rij) , (1)
where the center-of-mass kinetic energy TCM is sub-
tracted without losing a generality since we mainly focus
on the internal relative motions of multi-quark system.
Interaction part is of two-body potential which reads
VQQ¯(~rij) = −
α
~rij
+ σ~rij + βe
−~rij (~si · ~sj) , (2)
and includes the coulomb, linear confinement and spin-
spin interactions. Meanwhile, the quark-quark interac-
tion VQQ is half of VQQ¯ according to the quark model
and lattice QCD investigations [89]. Table I listed the
values of model parameters according to Ref. [90]. Ad-
ditionally, the calculated masses of S-wave QQ¯ mesons
along with their experimental values are listed in Table II.
Obviously, these theoretical masses are nicely consistent
with the experimental data and will be useful in identi-
fying the possible bound and resonance states in QQQ¯Q¯
tetraquark sectors.
Furthermore, as to have a better classification of the
bound, resonance and scattering states in QQQ¯Q¯ states,
the complex scaling method is employed. In particu-
lar, the coordinates of relative motions between quarks
in Eq. (1) are transformed with a complex rotation,
~r → ~reiθ. Hence, the four-body systems are solved in
3TABLE I. Model parameters.
Quark masses mc (MeV ) 1290
mb (MeV ) 4700
Coulomb α 0.4105
Confinement σ(GeV 2) 0.2
Spin-Spin γ (GeV ) 1.982
βc (GeV ) 2.06
βb (GeV ) 0.318
TABLE II. Theoretical and experimental masses of the S-
wave QQ¯ mesons, unit in MeV.
State Mth Mexp
ηc(1S) 2968 2981
ηc(2S) 3655 3639
J/ψ(1S) 3102 3097
ψ(2S) 3720 3686
ηb(1S) 9401 9398
ηb(2S) 9961 9999
Υ(1S) 9463 9460
Υ(2S) 9981 10023
a complex scaled Schro¨dinger euqation:
[H(θ)− E(θ)] ΨJM (θ) = 0 (3)
The above solved complex energy could be classified
into three kinds of poles (bound, resonance and scatter-
ing states) in a complex energy plane according to the
so-called ABC theorem [91, 92]. Especially, the bound
state and resonance pole is stable and independent of
the rotated angle θ. However, the continuum state is just
aligned along the cut line with a 2θ rotated angle. More
details on CSM in hadronic physics can be referenced in
Ref. [53, 59].
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FIG. 1. Two types of configurations in fully-heavy
tetraquarks. Panel (a) is meson-meson structure and panel
(b) is diquark-antidiquark one. (Q = c, b)
There are four fundamental degrees of freedom in
quark level. Namely, color, flavor, spin and space which
are generally accepted in the QCD theory and the mul-
tiquark system wave function is a product of them.
Fig. 1 shows two kinds of configurations for fully-heavy
tetraquarks QQQ¯Q¯ (Q = c, b). In particular, Fig. 1(a)
is the meson-meson structure and diquark-antidiquark
one is of Fig. 1(b), both of them and their coupling are
considered in our investigation. However, this is not an
unique way because the authors of Refs. [93, 94] assert
that it is enough to just consider the color singlet channel
when all possible excited states of a system are included.
After a comparison, a more economical way of comput-
ing by considering all of the possible configurations and
their couplings is preferred. Although the effect of iden-
tical particles exchange in these two structures will lead
to a singular overlap matrix during diagonalizing the ob-
tained hamiltonian, this double counting problem can be
fixed by the following procedures: Firstly, we will diag-
onalize the overlap matrix to abandon the eigenvectors
which eigenvalues are zero, and then a new hamiltonian
matrix will be generated with the rest eigenvectors. Ac-
cording, the energies of the system can be obtained by
diagonalizing the re-construct matrix.
Firstly, there are richer color structures in multiquark
systems than conventional qq¯ mesons and qqq baryons.
In meson-meson configuration of Fig. 1(a), both color-
singlet (two color-singlet clusters coupling, 1 × 1) and
hidden-color (two color-octet clusters coupling, 8 × 8)
channels are empolyed. Their wave functions are signed
as χc1 and χ
c
2, respectively.
χc1 =
1
3
(r¯r + g¯g + b¯b)× (r¯r + g¯g + b¯b) , (4)
χc2 =
√
2
12
(3b¯rr¯b+ 3g¯rr¯g + 3b¯gg¯b+ 3g¯bb¯g + 3r¯gg¯r
+ 3r¯bb¯r + 2r¯rr¯r + 2g¯gg¯g + 2b¯bb¯b− r¯rg¯g
− g¯gr¯r − b¯bg¯g − b¯br¯r − g¯gb¯b− r¯rb¯b) . (5)
Besides, also base on an increased sequence of numbers
marked in Fig. 1, the color wave functions of diquark-
antidiquark configuration shown in Fig. 1(b) are χc3 (color
triplet-antitriplet clusters coupling, 3× 3¯) and χc4 (color
sextet-antisextet clusters coupling, 6× 6¯), respectively:
χc3 =
√
3
6
(r¯rg¯g − g¯rr¯g + g¯gr¯r − r¯gg¯r + r¯rb¯b
− b¯rr¯b+ b¯br¯r − r¯bb¯r + g¯gb¯b− b¯gg¯b
+ b¯bg¯g − g¯bb¯g) , (6)
χc4 =
√
6
12
(2r¯rr¯r + 2g¯gg¯g + 2b¯bb¯b+ r¯rg¯g + g¯rr¯g
+ g¯gr¯r + r¯gg¯r + r¯rb¯b+ b¯rr¯b+ b¯br¯r
+ r¯bb¯r + g¯gb¯b+ b¯gg¯b+ b¯bg¯g + g¯bb¯g) . (7)
4However, one can notice that there is no color-
depended interaction in the potential of Eq. (2). There-
fore, the matrix elements of these basis in color degree-
of-freedom will be identity.
Secondly, as for the flavor degree-of freedom, since we
are dealing with fully-heavy tetraquarks, only the iso-
scalar I = 0 sector will be considered. The flavor wave-
functions signed as χfiI,MI with the superscript i = 1 and
2 are of ccc¯c¯ and bbb¯b¯ systems, respectively. The details
are trivial,
χf10,0 = c¯cc¯c , χ
f2
0,0 = b¯bb¯b . (8)
Four-quark systems with total spin S ranging from 0
to 2 are all studied in this work. Meanwhile, due to
there is not any spin-orbital coupling dependent potential
included in the Hamiltonian, the third component (MS)
of tetraquark spin can be assumed to be equal to the
total one without loss of generality too. Then the spin
wave functions χσS,MS are given by:
χσ10,0(4) = χ
σ
00χ
σ
00 (9)
χσ20,0(4) =
1√
3
(χσ11χ
σ
1,−1 − χσ10χσ10 + χσ1,−1χσ11) (10)
χσ11,1(4) = χ
σ
00χ
σ
11 (11)
χσ21,1(4) = χ
σ
11χ
σ
00 (12)
χσ31,1(4) =
1√
2
(χσ11χ
σ
10 − χσ10χσ11) (13)
χσ12,2(4) = χ
σ
11χ
σ
11 (14)
these expressions are obtained by considering the cou-
pling of two sub-clusters spin wave functions with SU(2)
algebra, and the necessary bases are read as
χσ11 = αα , χ
σ
1,−1 = ββ (15)
χσ10 =
1√
2
(αβ + βα) (16)
χσ00 =
1√
2
(αβ − βα) (17)
The 4-body bound state equation are solved by means
of an exact and high efficiency numerical approach, Gaus-
sian expansion method [87]. Three relative motions of
4-quark systems are all expanded with Gaussian basis
whose widths are taken as the geometric progression
sizes1 and the orbital form is
φnlm(~re
iθ ) = Nnl(re
iθ)le−νn(re
iθ)2Ylm(rˆ) . (18)
Since our present study concentrates on the S-wave state
of fully-heavy tetraquarks, the value of spherical har-
monic function is just a constant i.e., Y00 =
√
1/4pi.
1 The details on Gaussian parameters can be found in Ref. [86]
Eq. (19) shows the general spatial wave function of
tetraquark states:
ψLML(θ) =
[[
φn1l1(~ρe
iθ )φn2l2(
~λeiθ )
]
l
φn3l3(
~Reiθ )
]
LML
,
(19)
where the internal Jacobi coordinates for Fig. 1(a) of
meson-meson configuration are defined as
~ρ = ~x1 − ~x2 , (20)
~λ = ~x3 − ~x4 , (21)
~R =
m1~x1 +m2~x2
m1 +m2
− m3~x3 +m4~x4
m3 +m4
, (22)
and the diquark-antdiquark structure of Fig. 1(b) are,
~ρ = ~x1 − ~x3 , (23)
~λ = ~x2 − ~x4 , (24)
~R =
m1~x1 +m3~x3
m1 +m3
− m2~x2 +m4~x4
m2 +m4
. (25)
Obviously, with these sets of coordinates the center-of-
mass kinetic term TCM can be completely eliminated for
a nonrelativistic system. Additionally, the complex scal-
ing angle θ are employed in the Jacobi coordinates of
Eq. (19).
Finally, the complete wave-function which fulfill the
Pauli principle is written as
ΨJMJ ,I,i,j,k(θ) = A
[
[ψL(θ)χ
σi
S (4)]JMJ χ
fj
I χ
c
k
]
, (26)
where A is the antisymmetry operator of fully-heavy
tetraquarks by considering the nature of identical par-
ticle interchange (QQ and Q¯Q¯). This is necessary since
the complete wave function of the 4-quark system is con-
structed from two sub-clusters, i.e., meson-meson and
diquark-antidiquark structures. Particularly, the defini-
tions of these two configurations in Fig. 1 with the quark
arrangements of Q¯QQ¯Q are both
A = 1− (13)− (24) + (13)(24) . (27)
III. RESULTS
The low-lying S-wave states of fully-heavy tetraquarks
QQQ¯Q¯ (Q = c, b) are systematically investigated in the
potential model which is based on the results of Lat-
tice QCD investigation on the two-body interaction VQQ¯.
All possible meson-meson and diquark-antidiquark struc-
tures for ccc¯c¯ and bbb¯b¯ systems which fulfill the Pauli prin-
ciple are listed in Table III. In particular, the third col-
umn shows the necessary basis combination in spin (χσiJ ),
flavor (χ
fj
I ), and color (χ
c
k) degrees-of-freedom. The
physical channels with dimeson and diquark-antidiquark
configurations are listed in the last column. Besides, all
of those possible channels in one certain quantum state
are numbered in the first column.
5TABLE III. All possible channels for ccc¯c¯ and bbb¯b¯ tetraquark
systems. The second column shows the necessary basis com-
bination in spin (χσiJ ), flavor (χ
fj
I ) and color (χ
c
k) degrees of
freedom. Particularly, the flavor indices (j) 1 and 2 are of
ccc¯c¯ and bbb¯b¯, respectively.
IJP Index χσiJ ; χ
fj
I ; χ
c
k Channel
[i; j; k]
00+ 1 [1; 1(2); 1] ηcηc; ηbηb
2 [2; 1(2); 1] J/ψJ/ψ; ΥΥ
3 [1; 1(2); 4] (cc)(c¯c¯); (bb)(b¯b¯)
4 [2; 1(2); 3] (cc)∗(c¯c¯)∗; (bb)∗(b¯b¯)∗
01+ 1 [1; 1(2); 1] ηcJ/ψ; ηbΥ
2 [3; 1(2); 1] J/ψJ/ψ; ΥΥ
3 [3; 1(2); 3] (cc)∗(c¯c¯)∗; (bb)∗(b¯b¯)∗
02+ 1 [1; 1(2); 1] J/ψJ/ψ; ΥΥ
2 [1; 1(2); 3] (cc)∗(c¯c¯)∗; (bb)∗(b¯b¯)∗
Tables range from IV to XVIII summarized our calcu-
lated results (mass, size and component) of possible low-
lying fully-heavy tetraquarks. Particularly, for the ccc¯c¯
tetraquarks, Tables IV, VII and IX list the calculated
resonance mass of each channel along with their coupled
results in 0+, 1+ and 2+ states, respectively. The compo-
nent and inner structure which is the distance among any
quark pair of these resonances are listed in Table V, VI
for 0+ state, Table VIII for 1+ state and Table X for 2+
state, respectively. These results can reveal the nature
of QQQ¯Q¯ systems we are dealing with. Meanwhile, the
fully-bottom sectors can be referenced in Tables rang-
ing from XI to XVII where results both on available
bound and resonance states are listed. Then an orga-
nized results on the obtained exotic states of fully-heavy
tetraquarks are summarized in Table XVIII.
Additionally, the distributions of complex energies of
these fully-heavy tetraquarks in the complete coupled-
channels calculation by complex scaling method are pre-
sented from Fig. 2 to 7. In each figures, the transverse
direction is of the real part of complex energy E which
stands for the mass of tetraquarks, and the longitudinal
one is the imaginary part of E which is related to the
width, Γ = −2Im(E).
In the following parts we will describe the details of
theoretical investigations on each sector of fully-heavy
tetraquarks.
A. fully-charm tetraquarks
In the fully-charm ccc¯c¯ sector, no bound state is ob-
tained for all of the three JP = 0+, 1+ and 2+ quantum
states. However, several resonance states are available
and let us discuss them individually.
TABLE IV. Possible resonance states of fully-charm
tetraquarks with quantum numbers IJP = 00+. The first col-
umn shows the allowed channels and, in the parenthesis, the
noninteracting meson-meson threshold values. Meson-meson
and diquark-antidiquark channels are indexed in the second
column respectively, the last column refers to the theoretical
mass of each channels and their couplings, unit in MeV.
Channel Index M
ηcηc(5936) 1 6536
J/ψJ/ψ(6204) 2 6657
(cc)(c¯c¯) 3 6683
(cc)∗(c¯c¯)∗ 4 6469
Mixed 64491st
66592nd
TABLE V. Component of each channel in the coupled-
channels calculation of fully-charm resonance states with
IJP = 00+.
ηcηc J/ψJ/ψ (cc)(c¯c¯) (cc)
∗(c¯c¯)∗
1st 6.6% 2.4% 0.9% 90.1%
2nd 4.4% 25.2% 69.2% 1.2%
TABLE VI. The distances, between any two quarks of
the found fully-charm resonance states with IJP = 00+ in
coupled-channels calculation, unit in fm.
rcc rcc¯ rc¯c¯
1st 0.340 0.324 0.340
2nd 0.352 0.343 0.352
The I(JP ) = 0(0+) channel: There are both two
channels for the meson-meson and diquark-antidiquark
configurations, namely ηcηc, J/ψJ/ψ, (cc)(c¯c¯) and
(cc)∗(c¯c¯)∗. In Table IV one could notice that the the-
oretical threshold values of 5936 MeV for ηcηc and 6204
MeV for J/ψJ/ψ are quite comparable with the exper-
imental data 5962 MeV and 6194 MeV, respectively.
Firstly, in each single channel calculation, no bound
state is found neither in the dimeson channels nor the
diquark-antidiquark ones. However, resonance states
above the lowest threshold ηcηc(5936) ∼600 MeV are ob-
tained. Particularly, in the ηcηc and J/ψJ/ψ channels,
we find two resonance whose masses are 6536 MeV and
6657 MeV, respectively. Besides, two more resonances
within the similar mass region are obtained in (cc)(c¯c¯)
and (cc)∗(c¯c¯)∗ channels. The specific values are 6683
MeV and 6469 MeV, respectively.
In a further step which the complete coupled channels
calculation is performed, and two resonance states with
masses of 6449 MeV and 6659 MeV are found. Obviously,
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FIG. 2. Complex energies of fully-charm tetraquarks with
IJP = 00+ in the coupled channels calculation, θ varying
from 0◦ to 6◦ .
the coupled energy of the lower state 6449 MeV is near
the (cc)∗(c¯c¯)∗ channel’s 6469 MeV and the higher one is
almost degenerate with J/ψJ/ψ channel. These features
are supported by the presented results on the compo-
nents of each channels of resonance states in Table V. For
the first resonance state, 90% is of diquark-antidiquark
channel (cc)∗(c¯c¯)∗ and the second one is ∼70% (cc)(c¯c¯)
component. Hence the nature of compact structures of
diquark-antidiquark channels are confirmed in Table VI
which the distances for any pair of quarks are calculated.
In particular, the sizes of these two resonance states are
both around 0.34 fm, only the higher resonance state is
a tiny larger ∼0.1 fm.
Fig. 2 shows the distributions of complex energies of
ccc¯c¯ system with 0+ quantum numbers in the complete
coupled-channels calculation by CSM. Generally, in the
mass region from 7.5 GeV to 10.0 GeV the energy dots
are unstable and always descend when the rotated angle θ
varied from 0◦ to 6◦. This can be identified as the nature
of scattering state. However, as the resonance masses
presented in Table IV, two resonance poles circled with
orange in Fig. 2 are independent of the complex angle θ
and fixed at 6.45 GeV and 6.66 GeV, respectively. Ac-
cordingly, these two resonance states are stable against
the strong decay and expected to be confirmed experi-
mentally.
The I(JP ) = 0(1+) channel: Bound state is still
unavailable in this sector, however, resonance states ∼6.6
GeV are found. Table VII presents two almost degener-
ate resonance states whose masses are 6671 MeV and
6674 MeV, respectively in the single channel calcula-
tions for meson-meson configuration ηcJ/ψ and diquark-
antidiquark one (cc)∗(c¯c¯)∗. However, the J/ψJ/ψ chan-
nel listed in Table III is of scattering state. By comparing
the ηcJ/ψ threshold value which is 6070 MeV with the
obtained resonance mass at 6671 MeV, a similar result
as that in 0+ case can be concluded that ∼0.6 GeV ex-
TABLE VII. Possible resonance states of fully-charm
tetraquarks with quantum numbers IJP = 01+. The first col-
umn shows the allowed channels and, in the parenthesis, the
noninteracting meson-meson threshold values. Meson-meson
and diquark-antidiquark channels are indexed in the second
column respectively, the last column refers to the theoretical
mass of each channels and their couplings, unit in MeV. The
component of each channels are listed in the last row.
Channel Index M
ηcJ/ψ(6070) 1 6671
(cc)∗(c¯c¯)∗ 3 6674
Mixed 6657
Component (1; 3): 7.4%; 92.6%
TABLE VIII. The distances, between any two quarks of
the found fully-charm resonance states with IJP = 01+ in
coupled-channels calculation, unit in fm.
rcc rcc¯ rc¯c¯
0.356 0.341 0.356
citation energy region is quite possible for the existence
of hadronic resonance state.
In additional, with a fully channels coupling which in-
cludes the ηcJ/ψ and (cc)
∗(c¯c¯)∗ configurations, a lower
resonance mass 6657 MeV is obtained. Furthermore,
the majority contributions ( ∼93%) come from the later
channel, (cc)∗(c¯c¯)∗. This resonance state can also be clas-
sified as compact tetraquark state owing to the calculated
sizes of any pair of quarks are less than 0.36 fm in Ta-
ble VIII.
When the complex scaling method is employed in the
coupled-channels computation one could find that apart
from one fixed resonance pole within the big orange circle
is still at 6657 MeV of Fig. 3, the other higher excited
states are all of the nature of scattering. This resonance
mass is extremely close to 6659 MeV of the one obtained
in 0+ state and can be confirmed in future experiment.
The I(JP ) = 0(2+) channel: Table IX lists
one meson-meson J/ψJ/ψ channel and one diquark-
antidiquark (cc)∗(c¯c¯)∗ channel, again the obtain reso-
nance masses of them are degenerate with only 4 MeV
difference. Besides, they are both around 7.0 GeV in
this highest spin tetraquark state. Then in a two chan-
nels coupled-calculation, the lowest resonance mass (7022
MeV) depressed several MeV, and the components of
J/ψJ/ψ and (cc)∗(c¯c¯)∗ are comparable with their per-
centages are about 40% and 60%, respectively. Although
this resonance is found above the J/ψJ/ψ threshold value
by 830 MeV, the nature of compact structure is still pre-
sented in Table X. Particularly, the calculated distances
of any two quarks of ccc¯c¯ state are ∼0.38 fm which is
the same level as a conventional qq¯ meson.
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FIG. 3. Complex energies of fully-charm tetraquarks with
IJP = 01+ in the coupled channels calculation, θ varying
from 0◦ to 6◦ .
TABLE IX. Possible resonance states of fully-charm
tetraquarks with quantum numbers IJP = 02+. The first col-
umn shows the allowed channels and, in the parenthesis, the
noninteracting meson-meson threshold values. Meson-meson
and diquark-antidiquark channels are indexed in the second
column respectively, the last column refers to the theoretical
mass of each channels and their couplings, unit in MeV. The
component of each channels are listed in the last row.
Channel Index M
J/ψJ/ψ(6204) 1 7030
(cc)∗(c¯c¯)∗ 2 7026
Mixed 7022
Component (1; 2): 41.4%; 58.6%
TABLE X. The distances, between any two quarks of the
found fully-charm resonance states with IJP = 02+ in
coupled-channels calculation, unit in fm.
rcc rcc¯ rc¯c¯
0.389 0.375 0.389
Fig. 4 presents the calculated complex energies of ccc¯c¯
tetraquarks in coupled-channels study. With the rotated
angle θ also varied from 0◦ to 6◦, the obtained resonance
state is fixed in the orange circle with mass of 7022 MeV.
As a matter of fact, the mass of this 02+ resonance state
is consistent with the mass of structure reported by the
LHCb collaboration recently [34], hence future measure-
ments are needed to investigate if the structure is a new
exotic state with compact configuration.
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FIG. 4. Complex energies of fully-charm tetraquarks with
IJP = 02+ in the coupled channels calculation, θ varying
from 0◦ to 6◦ .
B. fully-bottom tetraquarks
In the bbb¯b¯ tetraquark sector, both bound and reso-
nance for each JP=0+, 1+ and 2+ iso-scalar states are
found. Meanwhile, these exotic states are much more
compact than the ones in fully-charm sector.
The I(JP ) = 0(0+) channel: There are two dime-
son channels ηbηb and ΥΥ, two diquark-antidiquark chan-
nels (bb)(b¯b¯) and (bb)∗(b¯b¯)∗ listed in Table XI. Firstly,
in each single channel calculation, two low-lying exotic
states are found for all of these four structures. Partic-
ularly, four bound states whose masses are 17999 MeV,
18038 MeV, 18068 MeV and 17975 MeV respectively are
obtained for ηbηb, ΥΥ, (bb)(b¯b¯) and (bb)
∗(b¯b¯)∗ channels.
The binding energies are about 0.8 GeV to 0.9 GeV when
compared with the lowest threshold value of ηbηb(18802).
Furthermore, ∼0.2 GeV above this threshold line, we
also find four stable resonance states and their masses
are around 19.03 GeV. Among all of these four channels,
masses of the bound and resonance states in (bb)∗(b¯b¯)∗
configuration is the lowest.
In a complete coupled-channels computation, two
bound states with mass of 17955 MeV and 18030 MeV
along with two resonances at 19005 MeV and 19049 MeV
are obtained. Obviously, mass of the lower bound state is
very close to (bb)∗(b¯b¯)∗ calculated mass (17975 MeV) and
another bound one is both near ΥΥ and (bb)(b¯b¯) channels.
This feature also applies to the resonance states, since we
can focus on the data in Table XII and XIII where the
component of each channel and the inner structure of
bbb¯b¯ tetraquarks are presented in the complete coupled-
channels calculation.
For the four listed exotic states in Table XII and
XIII, the first two are of the bound states and the later
two are of the resonances in a fully coupled-channels
study. More than 70% components are contributed to
8TABLE XI. Possible bound and resonance states of fully-
bottom tetraquarks with quantum numbers IJP = 00+. The
first column shows the allowed channels and, in the parenthe-
sis, the noninteracting meson-meson threshold values. Meson-
meson and diquark-antidiquark channels are indexed in the
second column respectively, the third column refers to the
theoretical mass of each channels and their couplings, bind-
ing energies of the dimeson channels are listed in the last
column, unit in MeV.
Channel Index M Eb
ηbηb(18802) 1 17999
1st −803
190362nd +234
ΥΥ(18926) 2 180381st −888
190692nd +143
(bb)(b¯b¯) 3 180681st
190972nd
(bb)∗(b¯b¯)∗ 4 179751st
190332nd
Mixed 179551st
180302nd
190053rd
190494th
TABLE XII. Component of each channel in the coupled-
channels calculation of fully-bottom bound and resonance
states with IJP = 00+.
ηbηb ΥΥ (bb)(b¯b¯) (bb)
∗(b¯b¯)∗
1st 13.0% 5.2% 0.7% 81.1%
2nd 5.8% 23.5% 70.5% 0.2%
3rd 22.3% 6.7% 3.0% 68.0%
4th 9.4% 18.9% 70.7% 1.0%
the diquark-antidiquark channels, (bb)(b¯b¯) or (bb)∗(b¯b¯)∗
for both bound and resonance states. However, the per-
centages of ηbηb and ΥΥ channels do not exceed 25%.
The calculated distances between any two quarks are
smaller than fully-charm sector. They are all less than
0.27 fm, and in particular, ∼0.16 fm for bound states.
These much more compact configurations are reasonable
according to previous results on fully-charm sector.
Fig. 5 presents the results in complex range investiga-
tion. Clearly, with a rotated angle θ varied in 0◦− 6◦
region, the two bound states and two resonance ones are
always fixed in the complex plane. However, the other
higher excited states are of the scattering nature.
The I(JP ) = 0(1+) channel: In analogy with the
ccc¯c¯ tetraquarks in 1+ state, ΥΥ channels are still of
the scattering nature. However, bound and resonance
states are available in ηbΥ and (bb)
∗(b¯b¯)∗ channels. They
are located in the similar energy region as those bbb¯b¯
tetraquarks with 0+ quantum numbers. From Table XIV
one can see it clearly that two almost degenerate states
TABLE XIII. The distances, between any two quarks of the
found fully-bottom bound and resonance states with IJP =
00+ in coupled-channels calculation, unit in fm.
rbb rbb¯ rb¯b¯
1st 0.166 0.159 0.166
2nd 0.168 0.162 0.168
3rd 0.262 0.242 0.262
4th 0.264 0.246 0.264
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FIG. 5. Complex energies of fully-bottom tetraquarks with
IJP = 00+ in the coupled channels calculation, θ varying
from 0◦ to 6◦ .
for bound and resonance cases are obtained in these two
configurations. Specifically, the bound states with masses
of 18062 MeV and 18065 MeV are found in ηbΥ and
(bb)∗(b¯b¯)∗ channels, respectively. Besides, resonance ones
are of 19087 MeV and 19093 MeV.
Through considering the two channels coupling, a
deeper bound state which mass is 18046 MeV is obtained
and the resonance state is found at 19067 MeV. The bot-
tom part of Table XIV shows the components of these two
states which the diquark-antidiquark channel (bb)∗(b¯b¯)∗
are both around 80%. Moreover, the structures of these
two exotic states presented in Table XV confirm the na-
ture of compact multiquark systems again and the cal-
culated distances of any pair of quarks ( ∼ 0.16 fm and
0.25 fm for bound and resonance state, respectively) are
comparable with those of 0+ case.
Additionally, the bound and resonance states at 18.05
GeV and 19.07 GeV, respectively are confirmed in the
complex analysis. Their properties are the same as those
obtained before, and both ∼16 MeV higher than bbb¯b¯
tetraquarks in 0+ states.
The I(JP ) = 0(2+) channel: There are also two
channels in this quantum state: one meson-meson con-
figuration ΥΥ, and one diquark-antidiquark structure
(bb)∗(b¯b¯)∗. Firstly, in the single channel calculation to-
9TABLE XIV. Possible bound and resonance states of fully-
bottom tetraquarks with quantum numbers IJP = 01+. The
first column shows the allowed channels and, in the parenthe-
sis, the noninteracting meson-meson threshold values. Meson-
meson and diquark-antidiquark channels are indexed in the
second column respectively, the third column refers to the
theoretical mass of each channels and their couplings, binding
energies of the dimeson channels are listed in the last column,
unit in MeV. The component of each channels for bound and
resonance states are listed in the bottom.
Channel Index M Eb
ηbΥ(18864) 1 18062
1st −802
190872nd +223
(bb)∗(b¯b¯)∗ 3 180651st
190932nd
Mixed 180461st
190672nd
Component (1; 3)1st: 16.8%; 83.2%
Component (1; 3)2nd: 23.8%; 76.2%
TABLE XV. The distances, between any two quarks of the
found fully-bottom bound and resonance states with IJP =
01+ in coupled-channels calculation, unit in fm.
rbb rbb¯ rb¯b¯
1st 0.168 0.162 0.168
2nd 0.265 0.245 0.265
wards these two configurations listed in Table XVI, one
bound and one resonance state are both found. In par-
ticular, bound states with a nearly degenerate masses
in 18238 MeV and 18241 MeV are obtained in ΥΥ and
(bb)∗(b¯b¯)∗ channels, respectively. They are confined by
∼700 MeV binding energies. Meanwhile, the resonance
masses of them are both about 19.21 GeV.
With a complete coupled-channels computation per-
formed, masses of the bound and resonance states de-
pressed dozen MeV. Evidently, the coupled mass of
bound state 18.22 GeV is extremely consistent with the
announcements of CMS and RHIC collaborations [29–
32], and the nature of compact diquark-antidiquark
structure is established in Table XVI and XVII where the
components and inner structures are investigated. Fur-
thermore, Fig. 7 presents the distribution of complex en-
ergies in full coupled-channels computation, the obtained
bound and resonance states are stable and independent
of the angle θ. Hence, the resonance state with mass of
19.19 GeV is also expected to be confirmed in future ex-
periment. If so, the compact exotic structure, diquark-
antidiquark according to our study in Table XVII can
help improve our understandings to the QCD theory.
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FIG. 6. Complex energies of fully-bottom tetraquarks with
IJP = 01+ in the coupled channels calculation, θ varying
from 0◦ to 6◦ .
TABLE XVI. Possible bound and resonance states of fully-
bottom tetraquarks with quantum numbers IJP = 02+. The
first column shows the allowed channels and, in the parenthe-
sis, the noninteracting meson-meson threshold values. Meson-
meson and diquark-antidiquark channels are indexed in the
second column respectively, the third column refers to the
theoretical mass of each channels and their couplings, binding
energies of the dimeson channels are listed in the last column,
unit in MeV. The component of each channels for bound and
resonance states are listed in the bottom.
Channel Index M Eb
ΥΥ(18926) 1 182381st −688
192072nd +281
(bb)∗(b¯b¯)∗ 2 182411st
192112nd
Mixed 182231st
191892nd
Component (1; 2)1st: 18.3%; 81.7%
Component (1; 2)2nd: 24.8%; 75.2%
TABLE XVII. The distances, between any two quarks of the
found fully-bottom bound and resonance states with IJP =
02+ in coupled-channels calculation, unit in fm.
rbb rbb¯ rb¯b¯
1st 0.174 0.168 0.174
2nd 0.271 0.251 0.271
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FIG. 7. Complex energies of fully-bottom tetraquarks with
IJP = 02+ in the coupled channels calculation, θ varying
from 0◦ to 6◦ .
IV. EPILOGUE
The fully-heavy tetraquarks QQQ¯Q¯ (Q = c, b) with
spin-parity JP = 0+, 1+ and 2+, and in the iso-scalar
sector I = 0 are systemically investigated by means of a
complex scaling range of potential model which is based
on the results of Lattice QCD investigations on the inter-
action of heavy quark pair. In particular, the Cornell po-
tential along with a spin-spin dependent interaction are
included. Furthermore, the 4-body bound state issue are
implemented with an extremely accurate computation
approach, the Gaussian expansion method. Both meson-
meson and diquark-antidiquark configurations along with
their couplings are considered. The single channel calcu-
lations in each quantum state are performed firstly. Then
the inner structures and components of possible bound
and resonance state in the complete coupled-channels
study are analyzed by computing the distances between
any pair of quarks and the contributions of each channel’s
wave functions.
Table XVIII summarized our calculation results for the
fully-heavy tetraquark in all quantum state. Firstly, no
bound state is found in the fully-charm sector. How-
ever, several resonances are available in each JP = 0+,
1+ and 2+ states, the resonance masses are listed in the
parentheses. Generally, these resonance states are ∼0.6
GeV higher than the lowest noninteracting ηcηc thresh-
old value. In the complete coupled-channels calculations,
the majority contributions (at least 60%) of these reso-
nance states come from the diquark-antidiquark channels
and they are the natures of compact tetraquark configu-
rations with inner sizes less than 0.39 fm in all quantum
states. Particularly, the obtained resonance masses in
0+, 1+ and 2+ states with the complete coupled-channels
computations are 6449 MeV, 6659 MeV, 6657 MeV and
7022 MeV, respectively.
TABLE XVIII. Possible bound and resonance states of fully-
heavy tetraquarks. Their theoretical masses in dimeson or
diquark-antidiquark (DAQ, Q = c, b) channels are listed in
the third column of the parentheses and the coupled results
are in the last one, unit in MeV.
IJP Channel Mixed
Bound state 00+ ηbηb(17999)
ΥΥ(18038)
DA1c(18068) 17955
1st
DA2c(17975) 18030
2nd
01+ ηbΥ(18062)
DAc(18065) 18046
02+ ΥΥ(18238)
DAc(18241) 18223
Resonance state 00+ ηcηc(6536)
J/ψJ/ψ(6657)
DA1c(6683) 6449
1st
DA2c(6469) 6659
2nd
ηbηb(19036)
ΥΥ(19069)
DA1b(19097) 19005
1st
DA2b(19033) 19049
2nd
01+ ηcJ/ψ(6671)
DAc(6674) 6657
ηbΥ(19087)
DAb(19093) 19067
02+ J/ψJ/ψ(7030)
DAc(7026) 7022
ΥΥ(19207)
DAb(19211) 19189
As for the fully-bottom tetraquark sector, both bound
and resonance states are found in JP = 0+, 1+ and 2+.
In particular, masses of the possible bound states of bbb¯b¯
tetraquarks in 0+ and 1+ states are ∼ 18.0 GeV. The 2+
state is 200 MeV higher with the calculated mass of 18.2
GeV, and this is consistent with the announcements of
CMS and RHIC collaborations [29–32]. Their binding en-
ergies are located in the energy region from 0.7 GeV to 0.9
GeV and the inner structures are quite compact within
0.18 fm. Nevertheless, extensive investigations both on
experimental and theoretical sides are still necessary to
verify the existence of these tightly bound states. Addi-
tionally, the obtained resonances in 0+, 1+ and 2+ states
are all at∼19.1 GeV and about 0.25 GeV above the corre-
sponding noninteracting meson-meson threshold values.
The compact configurations with their sizes less than 0.27
fm is also confirmed in our investigation.
Accordingly, the obtained bound and resonance with
11
compact configurations in fully-heavy tetraquark states
can be investigated in future experiment, e.g., in the
ATLAS, CMS and LHCb experiments. In particular,
CMS has comparable momentum and mass resolutions
as LHCb, besides this collaboration has already collected
20 times more data when comparing with LHCb. Theo-
retically, this extreme non-relativistic system of QQQ¯Q¯
tetraquark is also an excellent site in confirming the va-
lidity of Lattice QCD results in multiquark systems.
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